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ABSTRACT
Chester, Stephanie Nicole. M.S. The University of Memphis. December 2014. A
comparison of biomechanics and metabolic cost among elliptical exercises and running in
runners: training and clinical implications. Major Professor: Dr. Maxime Paquette.
The purpose of this study was to compare hip and knee biomechanical and
metabolic differences among elliptical exercises and running in healthy runners. Sixteen
participants were tested on three different exercise conditions (treadmill running; TR,
standard elliptical; SE, and lateral elliptical; LE). Hip and knee kinematic (i.e., angular
motion) variables were measured using a motion capture system, and a metabolic system
was used to measure metabolic cost (i.e., VO2, caloric cost, RER). Sagittal knee ROM
was greater in LE and SE compared to TR. Hip abduction and external rotation ROM
were greater in LE compared to SE and TR. Similar metabolic cost were produced during
LE compared to TR; LE and TR produced greater metabolic cost than SE. The general
findings suggest LE produces knee and hip joint kinematics opposite of reported joint
kinematics in runners with AKP and yields similar metabolic cost compared to TR.
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PREFACE
The findings from this thesis will be submitted for publication to Medicine &
Science in Sports & Exercise and the formatted manuscript for this journal is presented in
Chapter 2.
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CHAPTER 1
INTRODUCTION
1.1. Statement of the Problem
The sport of running has become increasingly more popular with reports of nearly
20 million Americans having completed races in 2013 (1). Although participation in
running events has a clear benefit on cardiovascular health, it is also associated with a
high number of lower extremity musculoskeletal injuries (i.e., 20-80%) (54). For injured
joints, pain may increase with high intensity training schedules often including high
impact activities (34). Anterior knee pain (AKP) is a symptom of patellofemoral pain
syndrome (PFPS) among other knee joint injuries (e.g., ilio-tibial band syndrome, patellar
tendinopathy) commonly found in runners (24,34). PFPS accounts for 25% of recorded
knee injuries in sport, with 60% of the populations’ athletes suffering from PFPS
(3,15,51). The development of AKP seems to the be the outcome of high-impact loading
on the knee, overloading of the quadriceps muscles due to weakness of the hamstrings
(25,26), increase in contralateral pelvic drop (16), poor hip abductor muscle strength
(26,36), weak lateral rotators of the hip (37), and increase in peak knee flexion (25).
There are a number of clinical interventions used to manage AKP (e.g., taping,
electrotherapy, bracing, foot orthotics, etc…) but research also shows that strengthening
of the vastus medialis obliquus (VMO) and/or gluteus medius (GM) in individuals with
AKP can significantly decrease pain (26). Research shows that weak knee and hip joint
musculature may be responsible for greater knee and hip motion (39,52) while running
and that knee and hip muscle strengthening can reduce AKP in individuals with PFPS
(36).
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Running is characterized as a high-impact aerobic activity due to increased
repetitive foot-ground impacts and joint loading (14). Over the course of a run these
repetitive impacts lead to muscular fatigue, quantified by reduced muscle strength, and
increased AKP in runners with PFPS (5). Runners may continue to run through AKP but
if pain is intolerable it may result in cessation of running and in just two weeks, runners
can experience a 7.8% drop in VO2max and a 4% decrease in performance time (17).
Though strengthening programs can decrease AKP in injured runners, they may not be as
effective to maintain aerobic fitness.
To this end, elliptical devices, while weight bearing, yield no impacts during
exercise and as a result, can potentially decrease the amount of joint loading during
training (31). Perhaps most importantly to runners, training programs with elliptical
devices have shown similar increases in cardiorespiratory capacity compared to treadmill
running in active adults (13). A newly designed elliptical device produces lateral
movement that increases peak knee flexion and extension, peak hip abduction, peak hip
external rotation and quadriceps (i.e., VMO) activation compared to a standard elliptical
(40). Thus, lateral elliptical may provide some rehabilitation benefits along with
cardiorespiratory maintenance or improvements.
1.2. Literature Review
This literature review summarizes current research investigating the effects of
exercise training interventions for prevention and pain management in runners suffering
from AKP. Information from this research summary was used to identify important
variables to study when testing new exercise and rehabilitation modalities.
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Quadriceps Strength and Anterior Knee Pain
A decrease in quadriceps muscles specifically the VMO may be a strong
contributing factor to increase AKP. Previous research found a lower peak knee
extension torque in individuals with AKP during maximal voluntary isometric
contraction compared to non-injured individuals, suggesting weaker quadriceps. Weaker
quadriceps muscles may be responsible for greater peak knee flexion while running in
individuals with AKP compared to those without (39), perhaps due to a lessened ability
to control knee flexion immediately following foot contact. In a study comparing healthy
individuals and individuals with AKP, those with AKP produced less VMO strength and
recorded higher pain levels (i.e., visual analog test; VAS) during isometric knee
extensions (10). However, it is difficult to associate lower strength values with weakness
of quadriceps, as the pain may be the most important limiting factor during strength
testing (12). However, a weakness in the VMO, and other quadriceps muscles, can
increase AKP and cause runners to change their gait pattern to reduce external rotation of
the femur on the tibia (38).
Further, individuals suffering from AKP experience an increase in pain during
eccentric quadriceps action as found with running, running downhill and stair descent
(19). A study on women with PFPS measured peak eccentric knee extensor moment (i.e.,
using an isokinetic dynamometer), functional capacity (i.e., The Anterior Knee Pain
Scale (AKPS) questionnaire regarding function during daily tasks), and AKP using a
VAS (36). The recorded values for eccentric knee extensor moments were positively
correlated to AKPS score (p=0.02, r=0.72). Therefore, a lower AKPS score was followed
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by a lower eccentric knee extensor moment (36). Once again, this may simply suggest
that AKP inhibited the subjects from producing high torque values due to pain (12).
As individuals with AKP continue to exercise they may alter lower-extremity
kinematics to reduce pain. Altered lower-extremity kinematics, as related to those with
AKP, might be associated with increased pressure and contact area of the patella (42).
Weak quadriceps can increase contact area of the patella due to their inability to control
its position increasing pain (10). The importance of quadriceps muscle strength (i.e.,
VMO) may be affected by the intensity of pain experienced. In addition to lower peak
eccentric knee extensor moment, low activation of the VMO while running (39) may
increase the contact area of the patella due to increased knee flexion increasing AKP.
Thus, it appears of utmost importance for runners with AKP to strengthen their
quadriceps to reduce the amount of pain.
Hip Musculature and Anterior Knee Pain
Weak hip musculature, in addition to biomechanical alterations at the hip joint are
contributors to AKP (4,16,26,28,35). A study using a functional stepping task found
significantly greater ipsalateral trunk lean in females with PFPS which may increase the
knee abduction moment (i.e., surrogate measure of medial knee load) because of an
increase in lateral ground reaction forces (35). In support, a study on recreational athletes
found that increases in knee abduction moments were related to weak hip abductors (36).
Runners with AKP tend to exhibit greater contralateral pelvic drop compared to
non-injured runners (16). Contralateral pelvic drop suggests a weakness of the GM,
which is a primary hip abductor (26). Further, in a study on recreational runners (i.e., 30
minutes a day, 3 days/week), those with PFPS showed a decrease in isometric hip

!

4

abductor strength by 28.7% compared to those without (22). When there is a large
increase in hip adduction while running, it is often caused by weak GM (25,36,55). This
is confirmed in a study of runners with PFPS who showed significantly greater hip
adduction while running followed by significant decreases in hip adduction after gait
retraining (38).
Additionally, hip abductor strength in runners with AKP before and after a run
(i.e., measured with a hand held dynamometer) was lower after the run, and lower than
those without PFPS (16). Further, peak eccentric hip abduction torque (isokinetic
dynamometer) was 28% lower in individuals with PFPS compared to those without PFPS
(4). Therefore, a weakness in the hip abductors may result in a decrease in the hip’s
eccentric function while running which prevents normal knee joint motion in the frontal
plane (i.e., knee adduction/abduction).
During gait tasks, a weakness in hip abductors results in an increase in hip
adduction potentially exacerbating angular kinematic changes at the knee (e.g., knee
abduction, internal rotation of femur on tibia) associated with increased AKP (53). In
fact, greater hip adduction has been suggested to increase loads on the patella, and
therefore increase AKP in PFPS patients (22). The hip abductor muscles must act
eccentrically during functional weight bearing activities (i.e., stance phase of running is
an example) to prevent hip adduction and contralateral pelvic drop (41). If hip abductor
muscles are unable to activate properly, excessive internal rotation of the femur (i.e.,
during stance) on the tibia may occur to potentially increase the force placed on the
patellafemoral joint (46). An increase in force is a result of increase contact area of the
patella with the femur and, could explain the increased AKP (36,46,48). In addition,
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increased AKP is also associated with a greater hip internal rotation angle due to weak
hip muscles (i.e., external hip rotators) in runners with AKP (16,47). Thus, a decreased
eccentric action of the hip abductors and hip lateral rotators during ground contact may
increase internal femur rotation and as a result, internal knee rotation (8,36,48).
Based on findings from current literature, similar to the importance of quadriceps
strengthening, hip musculature (abductors and lateral rotators) strengthening appears to
be imperative to avoid unwanted knee and hip joint angular changes that relate to AKP.
Current Prevention and Pain Management Training Methods for AKP
Hip strengthening exercises are effective for increasing strength and decreasing
pain associated with AKP (22,36,43). Multiple studies found that strengthening of the
hip-abductor muscles (i.e., GM) using resistance bands is beneficial for patients with
PFPS (22,28). In a study on recreational runners with PFPS hip abductor strength was
28.71% lower than those without. After three weeks of training, runners with PFPS saw a
40% decrease in pain (22). A concern with a short-term study is determining if the
decrease in pain is related to an increase in hip-muscle strength or another neuromuscular
response. Similarly, 18 recorded a 21% increase in hip abductor strength with a
significant decrease in AKP (18). Both studies demonstrated that improving hip abductor
strength should result in less AKP. Therefore, as hip abductors are strengthened, a
decrease in AKP is expected.
Another short-term study incorporated closed kinetic chain (CKC) exercises (i.e.,
mini wall squats, step-ups (forward and back), and knee extensions) with additional hip
strengthening exercises (e.g., hip abductors and lateral rotators). These CKC activities
when combined with isolated hip strengthening exercises have shown to be effective for
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reducing knee pain associated with PFPS (28). This is further evidenced in a pilot study
on women with PFPS who experienced increased activation of the GM during quadriceps
and hip strengthening exercises (e.g., emphasis on hip abductors and lateral rotators).
After completing 6-weeks of strengthening their perceived pain had decreased
significantly (p<0.05) (37).
Weak knee extensor muscles (i.e., VMO) are a common contributing factor to
increased AKP (26). In an 8-week strengthening program (e.g., leg press and knee
extensions) with nine individuals suffering from AKP, and six without AKP, both groups
saw an increase in strength as expected, and those with AKP saw a significant decrease in
pain (10). This may be attributed to the quadriceps ability to better control tracking of the
patella to reduce the contact area of the patella with the femur due to an increase in
muscle strength (10). When comparing open-chain exercises (e.g., lunge and knee
extension) to CKC activities (e.g., double leg squat), a greater VMO activation occurs
during the CKC activities (29) Therefore, this finding may indicate that CKC activities
could be more effective in strengthening the VMO.
Strengthening exercises to improve the function of the VMO and GM seem to
decrease pain (18). In comparing 8 weeks of hip strengthening (i.e., lateral rotators and
hip abductor) with quadriceps strengthening (i.e., knee extensor) in 58 women with PFPS
a greater reduction in pain occurred for the hip-strengthening group over the quadricepsstrengthening group (18). They suggest that isolating the quadriceps might further irritate
the patellofemoral joint structures although by the end of 8-weeks all subjects had
experienced a decrease in pain (18). Additionally, the use of eccentric strengthening of
the quadriceps to manage AKP has shown to be an effective intervention (24,34). A pilot
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study with 20 individuals performed eccentric isotonic quadriceps exercises (i.e.,
continuous passive motion) and after two weeks, found a decrease in pain level along
with improvements in quadriceps strength (19). Programs emphasizing eccentric
strengthening of the VMO using eccentric knee extensions (32), squats (50), and running
(39) showed improvements in strength and reductions in pain for patients with PFPS.
Combining hip abductors and quadriceps strengthening may result in greater pain
reduction than if only focused on one muscle group. Specific focus on hip abductor
strengthening seems to yield greater reductions in pain compared to quadriceps-focused
exercises. In order to develop the most effective rehabilitative exercise programs, more
research is needed to identify knee extensors and hip abductors exercises that result in the
greatest reduction in pain in individuals with AKP.
Elliptical Training
Maintaining a high level of cardiovascular fitness is essential for improving
performance in endurance athletes such as runners. If a runner experiences a cessation of
training due to AKP of more than 2 weeks, they may experience a drop in maximal VO2
(i.e., oxygen consumption) suggesting a decrease in cardiorespiratory fitness (17, 27).
Thus, it is of utmost importance for injured runners to maintain an aerobic training
regimen and not exacerbate their injury. Elliptical exercise has become increasingly
popular in recreation settings as an aerobic low impact activity. The Sporting Goods
Manufacturers Association (SGMA) of the United States stated that in 2006, the use of an
elliptical by the population grew by 170% from 2000 to 2005 (49). Elliptical devices,
while weight bearing, yield no impacts during exercise and as a result, can potentially
decrease the amount of joint loading on the knee during training (31). The lower impact
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reduces the larger stresses placed on the joints seen during running to potentially benefit
those with AKP (45).
In comparing the metabolic cost of treadmill and elliptical exercise (i.e., PreCor
EFX 546 Elliptical Fitness Crosstrainer), percent heart rate reserve is most closely related
to percent oxygen uptake reserve (i.e., % VO2R) during maximal elliptical exercise (13).
Specifically, in a comparative study of exercising with an elliptical, stair climbing, and
treadmill, the elliptical and stair-climber produced the same results as treadmill running
when measuring VO2max (20). Of importance, there is also a comparable max heart rate
achieved during elliptical exercise compared to treadmill running (13). Additionally,
graded exercise tests on elliptical devices produce similar metabolic outputs (i.e., VO2)
compared to treadmill running (20). Thus, not only may elliptical devices yield lower
joint loads, they appear as effective as running to maintain cardiorespiratory fitness.
There are kinematic similarities between elliptical exercise and other aerobic
activities. In a recent study, greater peak hip extension and knee flexion were found
during elliptical exercise compared to running (45). Similarly, a study comparing
multiple elliptical machines found an increase in flexion of the hip and knee compared to
walking (9,31). During elliptical exercise, the hip joint is slightly abducted compared to
being more adducted during walking (31). The abduction of the hip would require greater
activation of the GM, which was found to be true in some elliptical devices compared to
walking (9). Similarly to the eccentric training of the VMO mentioned previously, the
eccentric involvement of the hip abductors to control frontal plane hip and pelvis motion
during gait (41) also occurs during elliptical exercise (due to weight-bearing). Therefore,
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elliptical exercise may aid in reducing pain through increasing activation of the GM and
over time increasing hip abductor strength.
A newly designed lateral elliptical device (i.e., Crossover, Technogym, USA)
requires a more side-to-side motion found to increase VMO activation, peak knee flexion
and extension, and hip abduction and external rotation compared to a traditional elliptical
(40). The greater hip abduction and hip external rotation may suggest greater hip
musculature involvement in LE compared to SE, although no statistical differences in
GM activation were found (40). Runners may continue to exercise aerobically in order to
maintain their cardiorespiratory fitness using an elliptical. Elliptical exercise can provide
a low-impact activity with the benefit of VMO and GM activation, especially in lateral
elliptical devices. Therefore, elliptical exercise may be a beneficial mode of exercise to
use in rehabilitation while maintaining aerobic fitness for runners with AKP.
1.3. Literature Gap and Limitations
Pain management and rehabilitation techniques are important to coaches, athletes,
clinicians and all individuals who suffer from AKP. Runners suffering from AKP must
undergo strength training, physical therapy or cessation of running in order to reduce
their pain. There is supporting evidence that knee extensor and hip abductor strength
training can decrease the pain associated with injuries (e.g., PFPS and patellar
tendinopathy) causing AKP. Elliptical training devices yield similar metabolic
adaptations compared to other aerobic training modalities yet require lower joint loads
due to the low–impact movement patterns. Finally, along with the aforementioned
cardiorespiratory training benefits of elliptical exercise, the increase hip abductor and
VMO activation in a lateral elliptical may suggest this device could be even more

!

10

effective than a traditional elliptical for strengthening these muscle groups and thus,
reducing knee pain in runners with AKP. However, due to the limited research conducted
on runners with AKP with regards to elliptical exercise, it is important to first identify the
biomechanical and metabolic implications of elliptical devices in non-injured runners.
Initial research on elliptical exercise in healthy runners will provide preliminary insight
on the benefits or risks of such devices for injured runners.
1.4. Research Questions and Hypotheses
Based on current literature findings and limitations, the following research questions
and hypotheses were formulated:
Question 1: What are the differences between hip and knee kinematics among treadmill
running, standard elliptical, and lateral elliptical in healthy runners?
Hypothesis 1: We expect that lateral elliptical will produce greater sagittal knee
ROM, greater hip abduction and external ROM and smaller contralateral pelvic
drop compared to treadmill running and standard elliptical.
Question 2: Is metabolic cost similar among treadmill running, standard elliptical, and
lateral elliptical exercise in runners?
Hypothesis 2: We expect metabolic cost to be similar in lateral elliptical and
treadmill running, but greater in lateral elliptical and treadmill running compared
to standard elliptical at similar exercise intensities.
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CHAPTER 2
ACUTE TRAINING AND CLINICAL IMPLICATIONS DURING STANDARD
AND LATERAL ELLIPTICAL AND RUNNING
2.1 Introduction
The sport of running has become increasingly popular with reports of nearly 20
million Americans having completed races in 2013 (1). Although participation in running
events has a clear benefit on cardiovascular health, it is also associated with a high
number of lower extremity musculoskeletal injuries (i.e., 20-80%) (54). Injured runners
are often forced to stop training due to unbearable discomfort and pain. If cessation of
training lasts more than two weeks, a drop in maximal oxygen consumption (VO2 max)
can occur suggesting a decrease in cardiorespiratory fitness (17,27). Thus, it is of utmost
importance for injured runners to maintain an aerobic training regime that will not
exacerbate the injury.
To this end, elliptical devices, while weight bearing, yield no impacts during
exercise and as a result, can potentially decrease the amount of joint loading during
training (31). Perhaps most importantly to runners, elliptical exercise has shown similar
increases in cardiorespiratory capacity compared to treadmill running (13). Thus, not
only may elliptical devices yield lower joint loads, they are an effective aerobic training
modality to maintain cardiorespiratory fitness.
Weaknesses in hip abductors (4,23,18), hip external rotators (37), and knee
extensors (18,25), and lower activation of knee extensors (39) have been reported in
runners with anterior knee pain (AKP) exacerbated by common knee injuries (24,34).
Weaker knee extensor (39) and hip abductor muscles (52) in runners may be responsible
for greater stance phase knee and hip ranges of motion (ROM), perhaps due to lessened
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ability of these muscles to control joint motion via eccentric contractions immediately
following foot impact (38). Specifically, runners with knee pain tend to exhibit increased
contralateral pelvic drop (16), hip adduction (36,38) and knee flexion ROM (25,39,44),
and decreased internal hip rotation during running (4,16).
A modified elliptical device produces lateral pedal movement that increases knee
extension ROM, peak hip abduction, peak hip external rotation, and total knee extensor
(i.e., VMO) activation compared to a standard elliptical device (40). The increased
sagittal knee ROM produced by this lateral elliptical compared to a standard elliptical
could further aggravate AKP in runners (44) but there was no comparison of these
elliptical devices biomechanical parameters with running. The greater VMO activation,
peak hip abduction and peak hip external rotation in a lateral elliptical (40) may be
beneficial to strengthen weak knee extensors (18,39), hip abductors and external rotators
(4,52) and, produced hip movements to counteract those reported in runners with AKP
(18,23). The increased frontal plane motion during lateral elliptical would be expected to
require greater involvement of lateral stabilizer muscles which could lead to greater
metabolic cost compared to uni-planar motion activities such as running and standard
elliptical exercise. Based on current literature, favorable changes in joint kinematics and
similar metabolic cost observed in elliptical devices compared to running could result in
positive adaptations for pain management and aerobic fitness maintenance in runners
suffering from AKP.
We begin to explore this overarching hypothesis by comparing knee and hip joint
kinematics and metabolic cost among treadmill running (TR), standard elliptical (SE),
and lateral elliptical (LE) in healthy runners. We expected that LE would produce greater
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sagittal knee ROM, greater hip abduction and external ROM and smaller contralateral
pelvic drop compared to TR and SE. We also expected that metabolic cost would be
similar in LE and TR but greater in LE and TR compared to SE at similar exercise
intensities. We expect the findings of this study will provide a foundation for additional
investigations on training effects of elliptical exercise as potential training and
rehabilitation modalities for healthy and injured runners.
2.2.#Methods
Sixteen healthy male and female runners (26.7± 4.9 years; 65.6 ± 10.6 kg; 1.7 ±
0.1 m; 22 ± 2.8 kg/m2; 8 women) were recruited for the study. Subjects were included if
they had no previous lower extremity joint surgeries, no current lower extremity joint
injuries or pain, and currently running 20+ miles per week. Participants completed a
Physical Activity Readiness Questionnaire to screen for any cardiovascular conditions to
ensure they were able to complete all testing procedures. Institutional Review Board
approval was obtained and all subjects signed a written informed consent document prior
to data collection.
An eight-camera motion analysis system (240 Hz, Qualisys, Sweden) was used to
obtain 3D lower extremity joint kinematics. Retro-reflective markers were placed over
the right and left anterior superior iliac spines (ASIS) and posterior superior iliac spines
(PSIS), the sacrum, medial and lateral femoral epicondyles and malleoli and the first and
fifth metatarsal heads of the right leg only to define lower extremity segments and joint
centers. Arrays of four non-collinear markers placed on semi-rigid thermoplastic shells
were attached to the thigh and shank using elastic wraps to track the segments during
testing trials. Non-collinear markers secured directly on the shoe over the superior,
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inferior and lateral aspect of the calcaneus, and on the toe were used to track foot motion.
A one second static calibration trial was performed and non-tracking markers were
removed before the participant began the testing trials. A metabolic system (TrueOne
2400; ParvoMedics, Murray, Utah) was used to collect gas exchanges during exercise.
Data collection occurred on three separate days with a minimum of 24 hours
apart and participants were instructed to wear the same shoes for each visit. During the
first lab visit, informed consent, running stride rate measurement and the first exercise
testing condition were completed. During the second and third lab visits, the other two
exercise conditions were completed. The exercise conditions of treadmill running (TR;
C962i, PRECOR, USA), standard elliptical (SE; EFX546, PRECOR, USA; Figure 1A),
and lateral elliptical (LE; Crossover, Technogym, USA; Figure 1B) were randomized for
each participant. To measure stride rate, participants ran for approximately two minutes
on a treadmill until they achieved a perceived exertion (RPE) of 11-14 on a scale of 6-20
(i.e., six would represent lying in bed and 20 indicates a level of activity that should not
be achieved)). Once the participants reached their RPE, three 15-second measures of
stride rate were taken by counting the number of strides and the average was used to
determine the participants’ stride rate (170 steps ± 9.0). This stride rate was then used
during testing sessions for the three exercise conditions. During testing sessions, verbal
feedback on stride rate was provided to the participants by the same researcher (i.e.,
visually monitored during testing) and visual feedback from both elliptical data screens
was provided to control stride rate. In addition to controlling stride rate, elliptical device
resistance and treadmill incline were set to zero. A reflective marker was placed on the
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elliptical pedals and the heel marker to measure stride rate during elliptical conditions
and running, respectively.

Figure 1. Illustrations of A) the standard elliptical (SE) and B) the lateral elliptical (LE)
from lateral and posterior views

All exercise trials lasted ten minutes, with the first five minutes used as a warmup and acute familiarization period. After the warm-up, participants were asked to stop
exercising to attach the metabolic mask. During the remaining 5 five minutes three 10second trials of motion capture data were collected every 90 seconds while expired gases
was continually collected for 5 minutes at 30 second intervals for each exercise condition.
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During elliptical exercise, participants were instructed to lightly touch the static
handlebars for balance and stability but not to support their body weight during exercise.
Visual3D (C-Motion, Germantown, MD, USA) was used to obtain the 3D lower
extremity joint kinematic during the ten-second trials for the three exercise conditions. A
right-hand rule with a Cardan rotational sequence (x-y-z) was used for the 3D joint
angular computations. The ASIS, PSIS and sacrum markers were used to track the pelvis
and the CODA pelvis was used in the Visual3D model (6,7). Kinematic data were
interpolated using a third-order least-squares fit to three data points with a maximum gap
of 10 frames. Kinematic data were then filtered using a fourth-order Butterworth lowpass filter with a cut-off frequency of 8 Hz. The average of the kinematic data parameters
of five load phases (i.e., the most anterior to most posterior pedal position (40) during
both elliptical exercise conditions and five stance phases of treadmill running were
computed. The stance phases of running were identified using a kinematic method for
identifying gait events during running (21). Dependent joint kinematic variables included
peak contralateral pelvic drop, contralateral pelvic drop ROM (i.e., from foot strike to its
peak), frontal plane hip ROM (i.e., from start of stance phase to either peak hip adduction
or abduction), transverse hip ROM (i.e., from start of stance phase to either peak hip
internal or external rotation), and knee ROM (i.e., from start of stance phase to either
peak extension or flexion). Dependent metabolic parameters included oxygen
consumption (VO2), caloric cost (KCAL; i.e., 1L of oxygen = 5 kilocalories) (2), and
respiratory exchange ratio (RER) as indicators of lung capacity and substrate utilization.
Repeated measures analysis of variance (ANOVA) were performed for the
average peak knee and hip joint angular kinematics and metabolic parameters with
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exercise condition as the within-subject factor (22.0, IBM SPSS, Chicago, IL). Mauchly’s
Test of Sphericity was used in order to test the assumption that the variances of the
difference between repeated measures were all equal. When the assumption of sphericity
was not met (i.e., p<0.05), the Greenhouse-Geisser adjustment was used to assess withinsubject differences. When an ANOVA reveals a main effect of exercise condition, posthoc comparisons with least significant difference (LSD) was used to compare means
between exercise conditions. The alpha level was set at 0.05 for all main effect tests.
Cohen’s d effect sizes (ES) were reported further assess mean differences with ≤0.20
representing a small effect, >0.20 and <0.80 representing a moderate effect, and ≥0.80
representing a large effect (11).
2.3. Results
2.3.1. Knee Kinematics
Sagittal knee ROM showed an exercise condition main effect (p< 0.001) with
greater extension in LE compared to extension in SE (p < 0.001) and flexion in TR (p <
0.001), in addition to greater extension in SE compared to flexion in TR (p < 0.001;
Table 1). In general, these results suggest greater knee extension in LE compared to SE
and TR.
2.3.2. Hip Kinematics
The contralateral pelvic drop showed no exercise condition main effect (p > 0.05).
Contralateral pelvic drop ROM showed an exercise condition main effect (p < 0.05)
where contralateral pelvic drop ROM in LE (p < 0.05) and TR (p < 0.05) was greater
compared to SE (Please see Table 1 in Appendix A). An exercise condition main effect
was also shown for frontal plane hip ROM (p < 0.05) with greater abduction in LE (p <
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0.0001) and smaller adduction in SE (p < 0.002) compared to the adduction in TR, and
greater abduction in LE compared to SE (p < 0.0001; Please see Table 1 in Appendix A).
The transverse plane hip ROM showed an exercise condition main effect (p < 0.001) with
greater external rotation in LE compared to SE (p < 0.001) and TR (p < 0.0001; Please
see Table 1 in Appendix A). In general, these results suggest that LE produces greater hip
ROM compared to TR and SE in the frontal and transverse planes.
2.3.3. Metabolic Cost
Total oxygen consumption showed an exercise condition main effect (p<0.001).
Relative oxygen consumption during both lateral elliptical (LE) (p < 0.05) and treadmill
running (TR) (p < 0.05) was greater compared to standard elliptical (SE) (Please see
Table 2 in Appendix A). However, TR and LE were not different (p = 0.386). Total
caloric cost showed an exercise condition main effect (p<0.001). During both LE (p <
0.05) and TR (p < 0.05) caloric cost was greater compared to SE (Please see Table 2 in
Appendix A) but TR and LE were not different (p = 0.326). Respiratory exchange ratio
(RER) showed an exercise condition main effect (p<0.001). RER during both SE (p <
0.05) and TR (p < 0.05) were less compared to LE. TR and SE were not different (p =
0.958). In general, these results suggest that metabolic cost is greater in LE and TR
compared to SE but that metabolic cost is similar between LE and TR.
2.4. Discussion
The purpose of this study was to compared knee and hip joint kinematics and
metabolic cost among TR, SE, and LE in healthy runners. The general findings suggest
that LE produces knee and hip joint kinematics that are opposite to reported joint
kinematics in runners with AKP and, yields similar metabolic cost compared to TR. The
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findings were intended to summon additional research on the effectiveness of elliptical
exercise for training and rehabilitation programs in healthy runners and runners suffering
from knee pain and potentially, other lower limb injuries.
As expected a greater sagittal knee ROM was found in LE compared to SE and
TR. In addition, knee ROM was greater in SE compared to TR. Importantly, knee
kinematics showed that elliptical devices moves the knee through an extension ROM
while the knee moves through a flexion ROM during TR (Figure 2a). Following foot
strike during running, knee extensors produce negative work (i.e., eccentric action) to
prevent excessive knee flexion as the body moves forward above the stance foot. The
increased sagittal knee ROM in runners with AKP (25) may be a kinematic outcome to
reduced eccentric knee extensor involvement due to weaker knee extensors (39). Weaker
knee extensors could also explain a further increase in knee flexion following an
exhaustive run in runners with knee pain (PFP) (5). In addition, as eccentric contractions
in symptomatic individuals can be painful (34), the greater knee ROM may be the result
of central inhibition to reduce eccentric knee extensor involvement to lower knee pain.
Alternatively, the knee extension ROM during elliptical exercise may be beneficial to
runners with AKP as knee flexion has been suggested to aggravate symptoms in these
individuals (44) and LE may be even more helpful due to its even greater knee extension
ROM compared to SE. However, the large knee flexion seen in early load phase during
elliptical exercises (Figure 2a) may cause discomfort and pain at the knee in AKP runners.
Vastus medialis obliqus (VMO) is one of the major knee extensors and previous
research has shown greater activation of VMO and greater sagittal knee ROM during LE
compared to SE (40). Quadriceps strengthening and eccentric knee extensor strength
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training can reduce symptoms in runners with AKP (18,32). Therefore, the continuous
weight-bearing with reduced impact in elliptical exercise (31) in conjunction with greater
VMO activation and knee extension (40) may suggest that LE may be included in knee
extensor strengthening programs to reduce symptoms in runners with AKP. Further
research on the training effects of LE on knee extensor strengthening and more
importantly, symptom management in runners with AKP is necessary.
Our expected findings were further supported as LE produced greater frontal and
transverse plane hip ROM compared to TR and SE. All exercise conditions produced hip
external rotation but while SE and TR produced a hip adduction ROM, LE produced an
abduction ROM (Figure 2b). Contralateral pelvic drop ROM was not different between
LE and TR but smaller in SE. Previous research also showed greater frontal hip ROM
(i.e., abduction) and hip external rotation along with slightly greater gluteus medius
activation (i.e., hip abductor and external rotator) during LE compared to SE (40). The
hip abduction and external rotation is not surprising as its pedals move posterior and
lateral as the hip extends during the load phase (i.e., most anterior to most posterior pedal
position). The eccentric action of the hip abductors during weight bearing activities (i.e.,
stance phase of running) acts to prevent hip adduction and contralateral pelvic drop (41).
Weak hip abductor muscles (52) in runners may be responsible for greater stance phase
frontal hip ROM, perhaps due to lessened hip abductor neuromuscular control (38). In
fact, runners suffering from PFPS and similar knee injuries generally have weak hip
abductors, which would explain the increased hip adduction (35), and contralateral pelvic
drop, during stance (16). Further, greater hip adduction during running may increase
patella-femoral loading to further increase pain in runners with knee symptoms (22).
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Therefore, the increased hip abduction ROM in LE may be effective to strengthen the hip
abductors.

Figure 2. Sagittal plane knee angular position (A) and frontal plane hip angular position
(B) mean curves during load phase of five stance or load phases from a representative
participant during treadmill (solid line), standard elliptical with straight (dashed-dotted
line), and lateral elliptical (dot line).

Similar to the rehabilitation benefits reported with knee extensor strengthening
(18,32), short-term hip abductor strengthening programs can reduce symptoms of AKP in
individuals with PFPS (22,28,37). Further, Willy and Davis showed that although hip
abductor and external rotator strengthening does not alter stance phase running knee and
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hip kinematics in runners with poor hip adduction control, it does help reduce hip
adduction, internal rotation and contralateral pelvic drop during a single squat task (56).
Hip abductor and external rotator strengthening appears to be beneficial to runners with
AKP. Therefore, greater hip abduction and external rotation ROM, in addition to its
potential implication on knee extensor strengthening, may suggest that LE is a potentially
effective cross-training modality for hip abductor and external rotator strengthening for
symptom management in AKP runners.
In order to fully assess the potential benefits of elliptical devices in runners,
metabolic cost during all three-exercise conditions was measured. As expected, relative
(ml/kg/min), absolute VO2 (L/min), and caloric cost were similar between LE and TR but
both greater than SE. The lower load and lack of impact during elliptical exercise as
suggested in previous literature (9,31,45) supports the lower VO2 during SE measured in
this present study. The greater metabolic demands of LE may be attributed to the novelty
of the movement and, the increased frontal plane motion (i.e., greater frontal plane
stabilizer involvement) and increased knee extensor activation (40). In fact, the greater
VO2 with increased use of arm movement during elliptical exercise (33) supports the
theory of greater metabolic cost due to additional movement (e.g., frontal plane hip
motion) in LE. The greater RER found with LE compared to SE and TR further verifies
the increase in caloric cost due to increased oxygen needs observed in LE (30). The
similar metabolic and caloric cost in LE and TR supports the likely effectiveness of LE as
an aerobic cross training modality for injured runners or avid exercise enthusiasts. Longer
duration exercise conditions need to be reviewed to better support these findings.
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This study has a few limitations. The 10 minutes during of the exercise bouts is
short considering the weekly mileage of these runners (i.e., over 20 miles per week).
However, the aim of this study was focused on submaximal acute differences between
exercise conditions and chronic differences were not addressed. Secondly, cadence rate
was used to standardize intensity levels between devices for each individual. The cadence
was self-selected and may have been over estimated due to the short exercise duration.
Also, experience with elliptical exercise may have varied among participants, which may
have affected joint motions and metabolic cost during these short exercise bouts. Further,
the elliptical devices were not instrumented with pedal force sensors to calculate pedal
reaction forces or joint kinetics to assess joint loads among exercise conditions. Finally,
runners were instructed to not use their arms by resting their hands on the static handle
bars of both elliptical devices, which may have underestimated the metabolic cost of
these devices. However, this method was employed to prevent unloading of the lower
extremity during elliptical exercise to avoid artificial differences in joint kinematics
among exercise conditions.
2.5. Conclusion
This study compared knee and hip biomechanics and metabolic cost among
elliptical exercises and treadmill running in healthy runners. Findings suggest that LE
produces greater knee extension, hip abduction and external rotation compared to TR and
SE along with greater metabolic cost compared to SE. In these healthy runners, the LE
produced knee and hip joint kinematics that are opposite to joint kinematics reported in
runners with AKP. LE may have potential use in training and rehabilitation programs for
strengthening and pain reduction in injured runners although the large initial knee flexion
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may cause pain. Additionally, the similar metabolic cost in LE and TR suggest that LE
may an effective cross-training modality for runners to maintain cardiorespiratory fitness
while injured. Research focusing on training effects of elliptical devices on pain, muscle
strength and joint biomechanics in healthy and injured runners is needed.
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CHAPTER 3
GENERAL RECOMMENDATIONS
3.1. Summary
Findings from this study show that lateral elliptical produce knee and hip joint
kinematics opposite to those found in runners with AKP, which may have potential
implications for strengthening of hip and knee musculature. In addition, similar metabolic
cost was found between lateral elliptical and running. Overall these findings may have
clinical and training implications for injured runners using lateral elliptical as a crosstraining modality.
3.2. Recommendations for Future Research
This current study provides insight regarding the lateral elliptical as a comparable
aerobic exercise method to running while not producing high impacts. Future research
should take in consideration the metabolic changes found with continued use of lateral
elliptical compared to running training. The hip and knee kinematic measures found in
lateral elliptical imply further research to be necessary for strength and rehabilitation
training in injured runners with AKP as a preventive aerobic exercise. Future research
focusing on different populations of runners (e.g., experience, performance level, sex, age,
previous injuries) may allow a better understand of specialized training programs for
different runners. Finally, future research measuring kinetic differences in addition to
kinematic changes during a longer duration may provide a clearer understanding of
biomechanical parameters during elliptical exercise and potential benefits or injury risks
that may arise from the inclusion of elliptical cross-training into training and
rehabilitation programs.
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APPENDIX A
Table 1. Knee and hip joint angular kinematic variables (means ± SD) for all exercise conditions
Effect Sizes
Variables
TR
LE
SE
TR vs LE TR vs SE LE vs SE
Sagittal Knee ROM (°) #
-17.9±3.2 c 69.2±9.4 a, c
32.4±6.5
12.81
10.14
4.70
Pelvic Drop (°)
-3.39±2.94 -1.56±1.76
-3.02±3.43
0.10
0.80
0.57
Pelvic Drop ROM (°) #
5.71 ± 1.86 5.28 ± 5.00 2.31 ± 2.28 a, b
0.12
1.6
0.79
Frontal Hip ROM (°) #
5.3±2.3
-16.4±5.5 a, c
2.7±1.9 a
5.32
1.27
4.79
#
a, c
Transverse Hip ROM (°)
-3.3±4.9
-12.0±4.2
-3.93±5.13
1.96
0.13
1.78
Notes: #: Significant exercise condition main effect (p < 0.05); a: significantly different than TR;
b
: significantly different LE; c: significantly different than SE.
Table 2: Metabolic cost variables (means ± SD) for all three exercise conditions
Effect Sizes
Variables
TR
LE
SE
TR vs LE TR vs SE LE vs SE
Relative VO2 (ml/kg/min) # 35.7 ± 7.71
36.7 ± 5.42
26.1 ± 4.23a,b
-0.14
1.59
-2.23
Caloric Cost (Kcal) #
11.7 ± 3.00
12.0 ± 2.43
8.3 ± 2.38 a, b
-0.11
1.29
-1.58
#
a, c
a
RER
.87 ± 0.06 -0.94 ± 0.04
0.87 ± 0.03
-1.39
0.01
-2.02
Notes: #: Significant exercise condition main effect (p < 0.05); a: significantly different than TR; b: significantly
different LE; c: significantly different than SE.
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APPENDIX C

PAR-Q & YOU

Physical Activity Readiness
Questionnaire - PAR-Q
(revised 2002)

(A Questionnaire for People Aged 15 to 69)
Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day. Being more active is very safe for most
people. However, some people should check with their doctor before they start becoming much more physically active.
If you are planning to become much more physically active than you are now, start by answering the seven questions in the box below. If you are between the
ages of 15 and 69, the PAR-Q will tell you if you should check with your doctor before you start. If you are over 69 years of age, and you are not used to being
very active, check with your doctor.
Common sense is your best guide when you answer these questions. Please read the questions carefully and answer each one honestly: check YES or NO.
YES

NO

1.

Has your doctor ever said that you have a heart condition and that you should only do physical activity
recommended by a doctor?

2.

Do you feel pain in your chest when you do physical activity?

3.

In the past month, have you had chest pain when you were not doing physical activity?

4.

Do you lose your balance because of dizziness or do you ever lose consciousness?

5.

Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a
change in your physical activity?

6.

Is your doctor currently prescribing drugs (for example, water pills) for your blood pressure or heart con-
dition?

7.

Do you know of any other reason why you should not do physical activity?

If

YES to one or more questions

you
answered

• You may be able to do any activity you want — as long as you start slowly and build up gradually. Or, you may need to restrict your activities to
those which are safe for you. Talk with your doctor about the kinds of activities you wish to participate in and follow his/her advice.

Talk with your doctor by phone or in person BEFORE you start becoming much more physically active or BEFORE you have a fitness appraisal. Tell
your doctor about the PAR-Q and which questions you answered YES.

• Find out which community programs are safe and helpful for you.

	 ➔

NO to all questions

If you answered NO honestly to all PAR-Q questions, you can be reasonably sure that you can:
• start becoming much more physically active – begin slowly and build up gradually. This is the
safest and easiest way to go.
• take part in a fitness appraisal – this is an excellent way to determine your basic fitness so
that you can plan the best way for you to live actively. It is also highly recommended that you
have your blood pressure evaluated. If your reading is over 144/94, talk with your doctor
before you start becoming much more physically active.

DELAY BECOMING MUCH MORE ACTIVE:
• if you are not feeling well because of a temporary illness such as
a cold or a fever – wait until you feel better; or
• if you are or may be pregnant – talk to your doctor before you
start becoming more active.

PLEASE NOTE: If your health changes so that you then answer YES to
any of the above questions, tell your fitness or health professional.
Ask whether you should change your physical activity plan.

Informed Use of the PAR-Q: The Canadian Society for Exercise Physiology, Health Canada, and their agents assume no liability for persons who undertake physical activity, and if in doubt after completing
this questionnaire, consult your doctor prior to physical activity.

No changes permitted. You are encouraged to photocopy the PAR-Q but only if you use the entire form.
NOTE: If the PAR-Q is being given to a person before he or she participates in a physical activity program or a fitness appraisal, this section may be used for legal or administrative purposes.

"I have read, understood and completed this questionnaire. Any questions I had were answered to my full satisfaction."
NAME ________________________________________________________________________
SIGNATURE _______________________________________________________________________________

DATE______________________________________________________

SIGNATURE OF PARENT _______________________________________________________________________
or GUARDIAN (for participants under the age of majority)

WITNESS ___________________________________________________

Note: This physical activity clearance is valid for a maximum of 12 months from the date it is completed and
becomes invalid if your condition changes so that you would answer YES to any of the seven questions.
© Canadian Society for Exercise Physiology
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APPENDIX D
Consent to Participate in a Research Study
Knee Pain, Metabolic Cost and Lower-Extremity Kinematics Among Elliptical Devices
and Treadmill Running in Runners with Anterior Knee Pain
WHY ARE YOU BEING INVITED TO TAKE PART IN THIS RESEARCH?
You are being invited to take part in a research study on three different aerobic exercise
modalities and pain. You are being invited to take part in this research study because you
are either a runner who is experiencing anterior knee pain or, who has no current injuries,
and have been running a minimum of 20 miles a week. If you volunteer to take part in
this study, you will be one of about 20 people to do so at the University of Memphis.
WHO IS DOING THE STUDY?
The person in charge of this study is Mrs. Stephanie Chester, a graduate assistant in the
Department of Health and Sport Sciences at the University of Memphis. Mrs. Chester’s
advisor is Dr. Max Paquette, he will be supervising the study. There may be other
individuals such as other faculty and graduate students on the research team assisting at
different times during the study.
WHAT IS THE PURPOSE OF THIS STUDY?
By doing this study, we hope to learn the physical efforts between all three devices and if
one of the devices produces less anterior knee pain.
ARE THERE REASONS WHY YOU SHOULD NOT TAKE PART IN THIS
STUDY?
We will be recruiting adults between the ages of 18-45 years who have experienced
anterior knee pain for at least four weeks, who have been running a minimum of 20 miles
a week before the study and, who have not had surgery on their legs. If you do not fall
into that age range, have ceased running, and have had a surgery on your legs, then we
apologize, but you cannot participate in the study.
WHERE IS THE STUDY GOING TO TAKE PLACE AND HOW LONG WILL IT
LAST?
The research procedures will be conducted in the Musculoskeletal Analysis Laboratory
(Fieldhouse 171) at The University of Memphis. You will need to come to the Field
House, Room 171 for 4 testing sessions (1 for screening and familiarization and 3 for
testing). These laboratory visits will take between 45 to 75 minutes to complete.
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WHAT WILL YOU BE ASKED TO DO?
During the first laboratory visit you will be informed of all procedures, potential risks,
and benefits associated with the study through both verbal and written form upon
completion of a lower extremity evaluation to assess your pain and function and
determine your inclusion into this study. As part of your acceptance into this study you
must also complete an Anterior Knee Pain Scale Questionnaire (AKPS) to further explain
your own perception of knee pain and function, unless you are are a participant who does
not have any current injuries. A familiarization process will take place during this session
and your body mass (using a digital scale) and height will be measured and you will then
exercise for five minutes on each of the three devices (laboratory treadmill, standard and
lateral elliptical). While exercising you will wear a head mask (to measure your
respiration and exercise effort) in addition to being read a script to explain the steps in the
study. This mask will be adjusted to you and the researchers will make sure that you are
comfortable. During the exercise, you will be asked to use an effort of perceived exertion
(RPE) of 12-14 on a scale of 6-20, where six would represent lying in bed and 20
indicates a level of activity that should not be achieved. This will occur while exercising
on each device. During each session, small reflective balls (14mm plastic spheres covered
in reflective tape) will be placed on your leg that is experiencing pain, followed by a five
minute warm up on a stationary bicycle. You will then put on the head mask and will
complete15 minutes of exericse (i.e. treadmill, standard, or lateral elliptical). Pain will be
measured throughout the whole session using a scale ranging between 0 and 10, with 0
indicating no pain and 10 indicating excruciating pain. If at any time the pain is
unbearable you will be able to stop the exercise. Additionally, you will need to abstain
from taking any pain medications, anti-inflammatories, or any supplements that may
influence your anterior knee pain (e.g., vitamins) the week before the familiarization
session until you have completed the study to ensure that your anterior knee pain is not is
only affected by the exercise and not the medication. We also ask that you cease other
running or strength training or any other exercise while participating in the study in order
to reduce the chances of increased pain. You will be asked to bring a pair of running
shorts, a t-shirt (or sport bra), socks and your own pair of running shoes that you wear
most often during runs. You will wear these same shoes for all sessions. Finally, if you
are a women, you will be asked to begin your first testing session during the first three
days of the start of your menstrual cycle to try to avoid large changes in hormones that
may affect your knee pain. During the test we will take measurements of how your body
moves that will during exercise.as well as effort data to measure your cardiorespiratory
(i.e., function of your heart and lungs) effort. You will complete three testing sessions at
least 48 hours apart and they will take approximately 45-75 minutes each. If you are a
woman you will begin testing during the first three days of the start of your menstrual
cycle, in an attempt to avoid large variance in circulating estradiol across test days.
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WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS?
The potential risks and discomforts that may be experienced are minimal. You may
experience soreness from the exercise tests in addition to pain during exercise.
Considering you must have anterior knee pain to participate in this study, it is expected
that you will experience your normal level of pain while exercising.
WILL YOU BENEFIT FROM TAKING PART IN THIS STUDY?
There may not be any direct benefits from participating in this study. The participants in
this study will receive information regarding their knee pain and discomfort during
elliptical exercise and treadmill running. We expect the findings of this study will provide
information for more studies on long term effects of elliptical exercises as effective
training and rehabilitation methods for runners with anterior knee pain.
DO YOU HAVE TO TAKE PART IN THE STUDY?
If you decide to take part in the study, it should be because you really want to volunteer.
You will not lose any benefits or rights you would normally have if you choose not to
volunteer. You can stop at any time during the study and still keep the benefits and rights
you had before volunteering. If you decide not to take part in this study, your decision
will have no effect on the quality of care, services, etc., you receive from the University.
As a student, if you decide not to take part in this study, your choice will have no effect
on you academic status or grade in the class.
IF YOU DON’T WANT TO TAKE PART IN THE STUDY, ARE THERE OTHER
CHOICES?
If you do not want to be in the study, it is solely up to you but there are no other choices
except not to take part in the study. If you choose to not take part in the study, there are
no other options to gain the benefits of the study.
WHAT WILL IT COST YOU TO PARTICIPATE?
There are no costs associated with taking part in the study except for your full
commitment to the timeframe of the study.
WILL YOU RECEIVE ANY REWARDS FOR TAKING PART IN THIS STUDY?
Participation in the study is voluntary and you will not receive payment to participate.
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WHO WILL SEE THE INFORMATION THAT YOU GIVE?
We will make every effort to keep private all research records that identify you to the
extent allowed by law.Your information will be combined with information from other
people taking part in the study. When we write about the study to share it with other
researchers, we will write about the combined information we have gathered. You will
not be personally identified in these written materials. We may publish the results of this
study; however, we will keep your name and other identifying information private. The
information on the forms we will have you fill out will remain private, and only the study
staff will see them.
We will make every effort to prevent anyone who is not on the research team from
knowing that you gave us information, or what that information is. After the forms you
will fill out are completed, they will be kept in a locked file cabinet at which my research
team will be the only ones to be able to access it. Any information that gets transferred
electronically will be stored on a computer with passcode entry that only the research
team will know.
We will keep private all research records that identify you to the extent allowed by
law. However, there are some circumstances in which we may have to show your
information to other people. If any medical situation arises at which the paramedics or
any other form of emergency care have to be called, we may be required to provide
health history forms and or contact information. For example, the law may require us to
show your information to a court or to tell authorities if you report information that could
pose a danger to yourself or someone else. Also, we may be required to show
information which identifies you to people who need to be sure we have done the
research correctly; these would be people from such organizations as the University of
Memphis or any other funding agencies that may have ties with our research study.
CAN YOUR TAKING PART IN THE STUDY END EARLY?
If you decide to take part in the study you still have the right to decide at any time that
you no longer want to continue. You will not be treated differently if you decide to stop
taking part in the study.
The individuals conducting the study may need to withdraw you from the study. This
may occur if you are not able to follow the directions they give you, if they find that your
being in the study is more risk than benefit to you, or if the agency funding the study
decides to stop the study early for a variety of scientific reasons. The consequences of
withdrawing would include the lack of any personal benefits/gains you may have
experienced by taking part in the study. Your withdrawal would result in the power of
the study to go down, and may require the researchers to find a replacement subject if the
time permits.
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ARE YOU PARTICIPATING OR CAN YOU PARTICIPATE IN ANOTHER
RESEARCH STUDY AT THE SAME TIME AS PARTICIPATING IN THIS
ONE?
You may not take part in this study if you are currently involved in another research
study. During the study, you will be asked to abstain from running and other exercise to
make sure that your anterior knee pain does not get worse. It is important to let the
investigator/your doctor know if you are in another research study.
WHAT HAPPENS IF YOU GET HURT OR SICK DURING THE STUDY?
If you believe you are hurt or if you get sick because of something that is due to the study,
you should call Stephanie Chester 901-361-5222 immediately. In case of illness or injury
during his/her participation in the study, you may reach Stephanie Chester on her mobile
phone at 901-361-5222.
Stephanie will determine what type of treatment, if any that is best for you at that time.
If any abnormal signs or symptoms are present during your participation, testing will be
terminated and you will receive attention, following the Adverse Events plan of the
Human Performance Laboratories. Otherwise, no treatment will be provided.
It is important for you to understand that the University of Memphis does not have funds
set aside to pay for the cost of any care or treatment that might be necessary because you
get hurt or sick while taking part in this study. Also, the University of Memphis will not
pay for any wages you may lose if you are harmed by this study.
Medical costs that result from research related harm cannot be included as regular
medical costs. Therefore, the medical costs related to your care and treatment because of
research related harm will be your responsibility.
A co-payment/deductible from you may be required by your insurer or
Medicare/Medicaid even if your insurer or Medicare/Medicaid has agreed to pay the
costs. The amount of this co-payment/deductible may be substantial.
You do not give up your legal rights by signing this form.
WHAT IF YOU HAVE QUESTIONS, SUGGESTIONS, CONCERNS, OR
COMPLAINTS?
Before you decide whether to accept this invitation to take part in the study, please ask
any questions that might come to mind now. Later, if you have questions, suggestions,
concerns, or complaints about the study, you can contact the investigator, Mrs. Stephanie
Chester at (901)-361-5222, or come by the researcher’s office located in FH 135. If you
have any questions about your rights as a volunteer in this research, contact the
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Institutional Review Board staff at the University of Memphis at 901-678-3074. We will
give you a signed copy of this consent form to take with you.
WHT IF NEW INFORMATION IS LEARNED DURING THE STUDY THAT
MIGHT AFFECT YOUR DECISION TO PARTICIPATE?
If the researcher learns of new information in regards to this study, and it might change
your willingness to stay in this study, the information will be provided to you. You may
be asked to sign a new informed consent form if the information is provided to you after
you have joined the study.
WHAT ELSE DO YOU NEED TO KNOW?
_________________________________________
Signature of person agreeing to take part in the study

____________
Date

_________________________________________
Printed name of person agreeing to take part in the study
_________________________________________
Name of [authorized] person obtaining informed consent
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APPENDIX E
The University of Memphis Institutional Review Board, FWA00006815, has reviewed
and approved your submission in accordance with all applicable statuses and regulations
as well as ethical principles.
PI NAME: Stephanie Chester
CO-PI:
PROJECT TITLE: Knee Pain, Metabolic Cost and Lower-Extremity Kinematics
Among Elliptical Devices and Treadmill Running in Runners with Anterior Knee Pain
FACULTY ADVISOR NAME (if applicable): Maxime Paquette
IRB ID: #3314
APPROVAL DATE: 8/15/2014
EXPIRATION DATE: 6/5/2015
LEVEL OF REVIEW: Expedited Modification
RISK LEVEL DETERMINATION: No more than minimal
Please Note: Modifications do not extend the expiration of the original approval
Approval of this project is given with the following obligations:
1. If this IRB approval has an expiration date, an approved renewal must be in
effect to continue the project prior to that date. If approval is not obtained, the
human consent form(s) and recruiting material(s) are no longer valid and any
research activities involving human subjects must stop.
!
2. When the project is finished or terminated, a completion form must be completed
and sent to the board.
3. No change may be made in the approved protocol without prior board approval,
whether the approved protocol was reviewed at the Exempt, Exedited or Full Board
level.
4. Exempt approval are considered to have no expiration date and no further review
is necessary unless the protocol needs modification.
Approval of this project is given with the following special obligations:
Thank you,
Pamela M. Valentine
Interim Institutional Review Board Chair
The University of Memphis.
Note: Review outcomes will be communicated to the email address on file. This email
should be considered an official communication from the UM IRB. Consent Forms are no
longer being stamped as well. Please contact the IRB at IRB@memphis.edu if a letter on
IRB letterhead is required.
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